Abstract We investigated the effects of stepwise hematocrit (Ht) increase on pulmonary circulation in conscious sheep (n=7). The Ht was increased by an isovolumic exchange transfusion of blood with centrifuged red cells. By increasing the Ht-values, both systemic (PsA) and pulmonary artery pressures (PPA) were increased, with the degree of PPA increment greater than that of PsA. Cardiac output (CO) was slightly decreased by increasing the Ht. Also, A-V difference values of blood oxygen tension were reduced with elevation of the Ht values. The ratio of the right ventricular work rate (RVW) to the left one (LVW), RVW/LVW, was shown to increase remarkably with increased Ht. This increase was considered to be supporting evidence for the right ventricular hypertrophy in high altitude acclimatization. A strong positive correlation was observed between Ht and blood viscosity. It was thus confirmed that Ht effect was greater in pulmonary circulation than in systemic circulation.
It is well known that right ventricular hypertrophy and pulmonary artery hypertension develop in people and animals living in high altitudes (RoTTA et al., 1956; ALEXANDER et al., 1960; PEi ALOZA et al., 1963; SIME et al., 1963; GROVER, 1965; HULTGREN and MILLER, 1965; RABINOVITCH et al., 1983) .
Many researchers attributed these changes to an increase of the pulmonary vascular resistance by hypoxic pulmonary vasoconstriction (HULTGREN et at., 1965a; NAEYE,1965a; VOGEL et a!.,1966; REEVES et a!.,1979; AHMED et a!., 1982) .
After considering these changes, we investigated seasonal changes in the heart weight of wild mice (SAKAI, 1976) , and it was revealed that the animals living in winter had severer right ventricular hypertrophy than those in summer at similar altitudes. This phenomenon is not explained in terms of hypoxic pulmonary vasoconstriction alone.
The hematocrit (Ht) increases not only at high altitude but also during cold winter. It was also reported that normovolemic polycythemia acutely induced in anesthetized dogs or newborn lambs were associated with a decrease in cardiac output and increases in both systemic and pulmonary resistance (WEIssE et al., 1964; MCGRATH and WELL, 1978; RABINOVITCH et al., 1983) . Furthermore, a high positive correlation between Ht and right ventricular hypertrophy has been observed (SAKAJ, 1977; VOELKEL et al., 1980; WALKER et al., 1982) . Thus, it is thought that the right ventricular hypertrophy at high altitude seems to be influenced by Ht fluctuation which was induced due to changes in environmental conditions.
We attempted, therefore, to examine the effects of a gradual increase of Ht on pulmonary circulation in conscious sheep.
MATERIALS AND METHODS
Seven sheep weighing from 25 to 32 kg were used in this study. They were anesthetized with pentobarbital sodium, intubated with an endotracheal tube, and maintained with 1 % halothane using a positive pressure ventilation. The following procedures were aseptically performed : silicon tubes (ID 2 mm, OD 4 mm) were directly inserted and fixed into the left atrium and pulmonary artery through left thoracotomy. Moreover, two tubes of the same kind were inserted into the thoracic aorta and the right atrium through the left carotid artery and the right jugular vein, respectively. An electromagnetic flow probe (C type, Narco Co.) was placed around the trunk of the pulmonary artery.
After about 1 week, when influences of the operation seemed to have nearly subsided, the effects of stepwise increase of Ht on pulmonary circulation was studied.
Elevation of Ht without altering the blood volume was induced by the following procedure. Fresh blood samples which had been taken from other sheep by a venepuncture were centrifuged (at 3,000 rpm for 30 min) to separate cells from plasma. These packed cells of about 200 ml were infused through a catheter into the left atrium for less than 1 hr once a day. An equal volume of blood was simultaneously withdrawn from the catheter placed in the right atrium. By repeating this treatment, Ht levels were made to increase gradually during the experimental periods.
During these periods, systemic artery pressure (PsA), pulmonary artery pressure (PPA), left atrial pressure (PLA), and right atrial pressure (PRA) were measured using pressure transducers (Nikon Kohden Co., Model MPU-0.5-290-III). The cardiac output (CO) was measured with an electromagnetic flowmeter (Narco RT 500). All vascular pressures and flow rates were recorded on an 8-channel recorder (Nikon Kohden Co., Model WT-685G). Mean vascular pressures and cardiac output were obtained by electrically averaging the pulsatile signal. Systemic (SVR) and pulmonary vascular resistances (PVR) were calculated by PSA/CO and (PPA-PLA)/C0, respectively. Right ventricular work rate (RVW), left ventricular work rate (LVW), and the ratio of RVW to LVW were . calculated by PPA X CO, PSA x CO, and RVW/LVW, respectively. Ht was measured by microhematocrit technique. Arterial (Pao2) and central venous blood oxygen tensions (Pvo2) were measured with a Radiometer analyzer (Radiometer Co., Denmark ABL-2). Blood viscosities in vitro were determined in a coneplate viscometer (Tokyo-Keiki Co., Visconic-EL) at various shear rates (9.6-76.8 sec_ 1). During the experimental periods, the above-mentioned measurements were done for about 3 hr before infusion everyday. The total amount of packed cells given to each sheep ranged from 750-1,500 ml. Although we crossmatched the donor and recipient sheep, this was probably unnecessary because the sheep had very weak hemagglutinins. We had no detectable transfusion reactions.
RESULTS

Hemodynamic responses to the elevation of the hematocrit levels
The results of PSA, PPA, PLA, CO, SVR, PVR, LVW, RVW, and right and left ventricular work rate ratio (RVW/LVW) at different Ht in conscious sheep (n=7) are summarized in Table 1 . Both PSA and PPA were increased with the elevation of Ht in all sheep (Table 1 ). The degree of increment of blood pressure with the elevation of Ht was greater in PPA than in PSA (Fig. 1) . By calculation, slopes of the mean regression lines relating increment of PSA to Ht and increment of PPA to Ht were 0.49±0.22 and 2.44± 1.17, respectively. The difference of the slopes was statistically significant (p<0.05).
PLA was unchanged and CO tended to decrease slightly with the elevation of Ht in almost all sheep (Table 1) . Calculated SVR and PVR were increased with the elevation of Ht in all sheep (Table 1) . Since the ventricular work rates of both RVW and LVW were subjected to changes (Table 1) , no clear tendency can be seen in Table 1 . However, the right and left ventricular work rate ratio (RVW/LVW) was increased clearly with the increase in Ht in all sheep. Mean regression equation relating RVW/LVW to Ht was y=0.0029x+0.082, r=0.82.
Thus it was experimentally confirmed that the Ht effect was greater in pulmonary circulation than in systemic circulation.
Hematologic responses to the elevation of the hematocrit levels
The properties of the sample blood were measured by a viscometer at various shear rates. The results of blood viscosity and the Pao2 and Pvo2 are summarized 34, No. 5, 1984 in Table 2 . When the Pao2 and Pvo2 were plotted against Ht, Pao2 was slightly reduced and Pvo2 was slightly increased by elevation of Ht in almost all sheep. Thus A-V differences in blood oxygen tensions were reduced with elevation of Ht. In a typical example, sheep No. 127, a strong positive correlation was observed between the Ht and the blood viscosity on each shear rate, and the viscosity increase was particularly strong in lower shear rates (Fig. 2) . Moreover, RVW/ LVW were closely related with elevation of Ht values and this regression equation lx relating RVW/LVW to Ht was y=0.104e0O, r=0.94 (Fig. 2 ). RVW/LVW was then plotted against blood viscosity in the same sheep (Fig. 3) . A strong positive correlation was observed between RVW/LVW and blood viscosity (r= 0.93, p<0.01). This result suggests that either high Ht or high blood viscosity is one of the factors acting to increase the right ventricular load.
DISCUSSION
There is agreement on the occurrence of right ventricular hypertrophy at high altitude among previous studies. The hypertrophy is considered to be a sort of morphological adaptation to high altitude.
Since right ventricular hypertrophy was found at high altitude, the pulmonary circulation system was investigated to clarify the cause. Even now, there is still Vol. 34, No. 5, 1984 discrepancy regarding explanation of the cause of the right ventricular hypertrophy at high altitude. Previous explanations of the effect on pulmonary circulation at high altitude can be outlined as follows : the first factor is pulmonary hypertension (ROTTA et al., 1956; GROVER, 1965; REEVES and LEATHERS, 1967) , the second factor is increase in pulmonary vascular resistance (HuLTGREN et al., 1965b; PENALOZA et al., 1963) , the third factor is muscularzation of pulmonary artery (NAEYE, 1965b; ARIAS-STELLA and SALDANA, 1963) and the fourth factor is increase in pulmonary blood volume (MONGE et al.,1955; RABINOVITCH et a!., 1983) . These four factors are closely related and correlate to each other, and they act as mechanical loads to the heart, especially to the right ventricle. Thus the right ventricular hypertrophy is induced by these integrated influences. Among them, the hypoxia-caused pulmonary vasoconstriction was considered to be important (HuLTGREN et a1.,1965b; ARMED et a!.,1982) . Schematically, the succession of events was assumed to be, "hypoxic pulmonary vasoconstriction-*increase of pulmonary vascular resistance ->pulmonary hypertension -* right ventricular hypertrophy." In connection with this, results on seasonal changes in the heart weight of wild mice (SAKAI,1976) suggested that animals living in cold winter had greater right ventricular hypertrophy than those in summer at similar altitudes. This phenomenon is not explained by the hypoxic pulmonary vasoconstriction. Rather Ht must be taken into account, because Ht increases during the cold winter with metabolic acclimation to seasonal temperature (SEALANDER, 1962) , and is closely correlated to blood viscosity (BUICK et al., 1983) . It is thus considered that the right ventricular hypertrophy at high altitude can be caused partly by high Ht or high blood viscosity due to environmental changes. In fact, SWIGART (1965) induced polycythemia with CoCl2 given to rats, and found a clear hypertrophy of the right ventricle. SAKAI (1977 ), VOELKEL et al. (1980 ), and WALKER et al. (1982 also reported a relationship between increase in Ht and right ventricular hypertrophy.
In our study also, remarkable influences on pulmonary circulation were observed when Ht increased artificially. We found that the increase of Ht caused the increase of pulmonary artery pressure; therefore, a remarkable increase in the load to the right ventricle resulted, as shown in Table 1 and Fig. 1 . If the high Ht continues for a long period, it seems probable that the right ventricle gradually changes from a state of normotrophy to hypertrophy.
It must be emphasized that both high Ht and high blood viscosity are very important factors in causing right ventricular hypertrophy. It is, however, not certain that this kind of hematological change is always suitable for a living body. That is to say, increase in Ht produces increased oxygen combining capacity and is suitable for increase of oxygen transport ability in the living body. Also, increase in Ht is one of the adjustments toward a hypoxic environment. On the other hand, it is clear that hemoconcentration increases blood viscosity and the load to the right ventricle. These changes result in the decline of cardiac output and arterial blood oxygen tension, which result in diminished oxygen transport ability. In connection with this, CROWELL et al. (1959) and SMITH and CROWELL (1963) reported some interesting results. Crowell et al. used dogs and reported that the optimal Ht for oxygen transport of the tissues was 40%. They explained this optimal value as a balance between the effect of Ht on viscosity and on the oxygen content of blood. Smith and Crowell, also using dogs, investigated the relationship between survival at high altitude and Ht. They reported that the optimum Ht for survival at acutely induced high altitudes was about 40% and that it was a vital factor for survival. Ht values higher than this level, therefore, brought forth the reduced Pao2 as mentioned before.
It was also reported that normovolemic polycythemia acutely induced in anesthetized dogs (WEI55E et al., 1964; MCGRATH and WEIL, 1978) or newborn lambs (FouRoN and HEBERT, 1973 ) is associated with decrease in cardiac output and an increase in both systemic and pulmonary resistance. WiNsLow (1983) reported the soothing effects of blood letting on high altitude natives who developed polycythemia and pulmonary hypertension. The high pulmonary artery pressure of the patient was reduced to normal sea-level values by hemodilution. ZINK et al. (1978) presented, in abstract form, results of uncontrolled hemodilution experiments done in climbers of a Himalayan expedition. He reported that the climbers who received the hemodilution were less symptomatic and that one of them climbed even up to 8,500 m without supplemental oxygen. To apply this sort of treatment to polycythemia patients seems to be advantageous, because hemodilution reduces the load to the heart, especially to the right ventricle.
